Background: Hsm3 is a proteasome-dedicated chaperone that forms a base precursor, Hsm3-Rpt1-Rpt2-Rpn1. Results: Crystal structures of Hsm3 and Hsm3-Rpt1 were determined. Conclusion: The Hsm3-Rpt1 interface is formed by a hydrophobic core and complementary charged interactions and is important for the proteasome assembly. Significance: The study provides the structural basis for the assembly mechanism of the base subcomplex of the 26 S proteasome.
The 26 S proteasome, a 2.5-MDa multiprotein complex built from at least 33 different subunits, plays a key role in ubiquitindependent proteolysis by degrading proteins conjugated to ubiquitin (1) (2) (3) . This enzyme consists of a proteolytic 20 S core particle (CP) 4 and one or two 19 S regulatory particles (RPs), including the six regulatory particle AAA-ATPase (Rpt) and the 13 regulatory particle non-ATPase (Rpn) subunits. The 20 S CP is a cylindrical particle that is formed by axial stacking of four heteroheptameric rings, ␣ 1-7 ␤ 1-7 ␤ 1-7 ␣ 1-7 . The seven distinct ␣ subunits (␣1-7) and seven distinct ␤ subunits (␤1-7) of the eukaryotic proteasomes each occupy a unique position in their respective rings. The 19 S RP is responsible for targeting the ubiquitin-tagged substrate, unfolding the substrate protein, activating the CP by opening the gate, and releasing ubiquitin from the substrate. The 19 S RP consists of at least 19 different subunits and can be divided into two subcomplexes, the base and the lid. The base is composed of six different homologous Rpt subunits, Rpt1-6, and three Rpn subunits, Rpn1, Rpn2, and Rpn13. The Rpt subunits are required for substrate unfolding and ␣-ring channel opening. The lid is composed of nine nonATPase subunits (Rpn3, Rpn5-9, Rpn11-12, and Rpn15), most of which are essential for viability, but their precise roles are still elusive except for Rpn11, which displays a deubiquitylating activity to spare ubiquitin. The lid-base association is stabilized by the ubiquitin receptor Rpn10 (4, 5) .
Recent studies have suggested that multiple proteasomededicated chaperones are involved in efficient and correct assembly of the 26 S proteasome (6 -8) . For the 20 S CP assembly, five distinct chaperones are identified as follows: Ump1 (9, 10); PAC1-PAC2 complex (11) (called Pba1-Pba2 complex (12) in yeast) and PAC3-PAC4 complex (13) (Pba3-Pba4 complex in yeast) (14, 15) . These chaperones help the initiation and progression of the assembly process by transiently associating with proteasome precursors. More recently, four specific chaperones, Nas2/p27, Nas6/gankyrin, Rpn14/PAAF1, and Hsm3/ S5b, were identified for the base assembly both in yeast and in mammals (16 -19) . Each base-dedicated chaperone is responsible for the formation of three distinct subassemblies (Nas2/ p27-Rpt5-Rpt3, Nas6/gankyrin-Rpt3-Rpt6-Rpn14/PAAF1, and Hsm3/S5b-Rpt1-Rpt2-Rpn1) and escorts them until the 19 S RP is formed. Because these chaperones are not present in the mature 26 S proteasome, these chaperones should be released at certain steps in the assembly process, but the precise mechanism is still unclear.
We previously reported the crystal structures of Pba3-Pba4 complexed with the ␣5 subunit of the CP (15) and Rpn14 (20) . Although these studies provided a structural basis for mechanisms underlying proteasome assembly, detailed mechanisms regarding how the RP is formed remain mostly unclear. Hsm3 is a HEAT (huntingtin-elongation-A subunit-TOR) repeat-containing protein. Previous yeast genetic studies have shown that deletion of Hsm3 shows the most severe phenotypes among the RP-dedicated chaperones, indicating the formation of the tetrameric complex, Hsm3-Rpt1-Rpt2-Rpn1, is critical for the RP assembly (16 -19) .
In this study, we determined the crystal structures of fulllength Hsm3 and the complex with the C-terminal domain of Rpt1 (Rpt1C). We show that a specific interaction between Rpt1 and Hsm3 is required for the proper assembly of the 19 S RP. By a structural modeling of the Rpt ring-Hsm3 complex and in vitro binding assays, we propose the model that Hsm3 has a critical role for proper arrangement of Rpt1 and Rpt2.
EXPERIMENTAL PROCEDURES

Protein Expression and Purification for Crystallizations-We amplified the Saccharomyces cerevisiae
Hsm3 open reading frame (ORF) by PCR from yeast genomic DNA of BY4741 and cloned it into the pET28(ϩ) vector (Novagen). We also constructed the pET21-Rpt1C vector, which expresses the C-terminal region (amino acids 381-467) of Rpt1. Site-directed mutants were generated with the QuikChange site-directed mutagenesis kit (Stratagene) using pET28-Hsm3 and pET21-Rpt1C as the template.
The His 6 -tagged Hsm3 was expressed from pET28a plasmid (Novagen) in Escherichia coli BL21 (DE3). The protein was purified using nickel affinity (Ni-NTA, Millipore), anion exchange (Q-Sepharose, GE Healthcare), and gel filtration (Superdex75, GE Healthcare) chromatographies. The SeMet derivative Hsm3 was prepared similarly using E. coli B834 (DE3) cells grown in minimal medium containing L-selenomethionine (25 g/ml). The WT and SeMet Hsm3 were then concentrated to 30 mg/ml by ultrafiltration in 25 mM Tris-HCl (pH 7.5) and 1 mM dithiothreitol.
For the co-crystallization of Hsm3 and the Rpt1C complex, two vectors of Hsm3 cloned into pET28a (kanamycin-resistant) and Rpt1C cloned into pET21 (ampicillin-resistant) were cotransformed into E. coli BL21 (DE3), and two proteins were simultaneously expressed by isopropyl 1-thio-␤-D-galactopyranoside induction. Hsm3 was expressed as a His 6 -tagged protein, and Rpt1C was expressed as an untagged protein. After cell lysis, the Hsm3-Rpt1C complex was purified by nickel-affinity, anion exchange, and gel filtration chromatographies. The Hsm3-Rpt1C complex was then concentrated to 80 mg/ml and used for crystallization.
Crystallization and Data Collection-Crystals of WT Hsm3 and SeMet Hsm3 were obtained at 20°C by using the hangingdrop vapor diffusion method. Although WT and SeMet Hsm3 crystals were grown from 0.1 M Tris-HCl (pH 7.0), 0.2 M KH 2 PO 4 , and 8% (w/v) PEG3350, they were not sufficient for crystal structure determination. We obtained single crystals for WT and SeMet Hsm3 under the same crystallization condition by microseeding, which produced two crystal forms. The WT and the SeMet Hsm3-Rpt1C crystals were prepared by using 0.1 M N-(2-acetamido)iminodiacetic acid (pH 8.5), 1 M NaCl, 0.8 M Li 2 SO 4 , 0.5% (w/v) PEG3350 at 4°C. Crystals were equilibrated in cryoprotectant buffer containing reservoir buffer plus 26% (v/v) glycerol and then cryogenized in a cold nitrogen stream at 100 K.
Diffraction data sets for WT and SeMet Hsm3 and Hsm3-Rpt1C were collected at beamline BL44XU (SPring8, Hyogo, Japan). Data processing and reduction were carried out with HKL2000 (21) . The crystal forms of WT Hsm3, SeMet Hsm3, and Hsm3-Rpt1C belong to the space group P2 1 , with cell dimensions of a ϭ 78.8, b ϭ 91.9, c ϭ 78.9 Å, ␤ ϭ 113.1°, P2 1 Table 1 .
Structure Determination and Refinement-The structure of Hsm3 was determined by the multiwavelength anomalous dispersion method using a selenomethionine derivative. The position of the heavy atoms was obtained using SHELXD (22) and refined using MLPHARE (23) . Initial multiwavelength anomalous dispersion phase was extended to 2.05 Å resolution with solvent flattening and histogram mapping using DM (24) . An initial model was built using ARP/wARP (25) . Manual building was then carried out using the program COOT (26) and alternated with several cycles of refinement using the program REFMAC5 (27) . The final SeMet Hsm3 model contained residues 9 -465 and 9 -465 of the molecules in the asymmetric unit (molecules A and B), respectively. The structure of WT Hsm3 was determined by the molecular replacement technique using MOLREP (28) with the refined model of SeMet Hsm3. Structure refinement of the WT Hsm3 was guided by referring to the structure of the wild type. The final refined model consists of residues 11-23, 31-43, 49 -64, and 74 -466 and residues 13-27, 36 -43, 49 -64, and 75-465 of the molecules in the asymmetric unit (molecules A and B), respectively.
The structure of Hsm3-Rpt1C was solved by the molecular replacement with the structure of Hsm3 and the C-terminal domain of Rpt3 (Rpt3C) (PDB code 2DZN) using the program MOLREP. Model building was carried out using the program COOT. The electron density map agreed well with that of the Hsm3 molecule. Although it was difficult to trace the Rpt1C because of insufficient quality of the electron density map, the methionine-marking approach successfully revealed the overall structure of Rpt1C. The structure of the Hsm3-Rpt1C complex was refined with REFMAC5 and CNS (29, 30 ). The refined model contains residues 9 -465, 7-420, and 426 -465 of Hsm3 (molecules A and C) and residues 380 -452 and 380 -452 of Rpt1C (molecules B and D), respectively. There are no residues in the disallowed regions of the Ramachandran plot. Phasing and refinement statistics are summarized in Table 1 . Structure figures were generated using PyMol (31) and CCP4MG (32) .
Binding Assays by Using E. coli Expression System-His 6 -tagged Hsm3 or mutants were co-expressed with untagged Rpt1C or its mutants in E. coli. A small aliquot (ϳ100 l) of Ni-NTA was washed with wash buffer (20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 20 mM imidazole). Clarified lysate (ϳ5 ml) was added to the resin and incubated at room temperature for 5 min. After incubation, beads were sedimented by centrifugation and washed three times with 1 ml of wash buffer to remove contaminating protein. Finally, the beads were mixed with equal volume of 2ϫ SDS-PAGE loading dye and boiled at 95°C to release bound proteins from the beads. Protein samples were analyzed by SDS-PAGE, followed by Coomassie Brilliant Blue staining.
Binding Assays by Using a Wheat Germ Cell-free Protein
Synthesis-To analyze the interaction between the full-length proteasome subunits and Hsm3, we used a wheat germ cell-free expression system because the system has an advantage for producing a broad range of difficult-to-express proteins in E. coli (33, 34) . The ORFs of the proteasome subunits and Hsm3 were cloned into pEU-E01-MCS vector or pEU-E01-His-TEV-MCS vector (CellFree Sciences, Matsuyama, Japan). His 6 -tagged proteasome subunits and Hsm3 proteins were co-synthesized by the standard bilayer methods according to the manufacturer's instructions for a small scale protein expression (WEPRO7240H, CellFree Sciences, Matsuyama, Japan). After centrifugation for 10 min at 20,000 ϫ g, 2 l of nickelSepharose HP (GE Healthcare) was added to the supernatants (ϳ200 l) and incubated for 2 h at 4°C. After washing three times with wash buffer (50 mM phosphate buffer (pH 7.5), 300 mM NaCl, 50 mM imidazole), the proteins were eluted by 20 l of elution buffer (50 mM phosphate buffer (pH 7.5), 300 mM NaCl, 500 mM imidazole). The protein samples were analyzed by 12% low-Bis SDS-PAGE, followed by Coomassie Brilliant Blue staining.
Yeast Strains and Media-Standard techniques were used for strain constructions and transformations (35) . SC medium consisted of 0.67% yeast nitrogen base without amino acids, 0.5% casamino acids, 2% glucose, 20 mg/liter tryptophan, 20 mg/liter uracil, 400 mg/liter adenine, and 10 mM phosphate buffer (pH 7.5). All strains listed in Table 2 are congenic to W303. To construct rpt1 mutants, DNA fragment encoding 5Ј-truncated RPT1 (ϩ285 to ϩ1753) was inserted into the YIp vector pRS303 (36) , and the residues corresponding to Arg-403 and/or Arg-409 of Rpt1 were mutated to Ala by the QuikChange site-directed mutagenesis kit (Stratagene). The resulting plasmids were linearized at its unique AlfII site (ϩ445) and transformed into the wild-type diploid cells (W303D). The positive transformants, in which correct integration was confirmed by genomic DNA sequencing, were subjected to tetrad analysis to recover haploid rpt1 mutants (YYS1867, YYS1899, and YYS1905). For hsm3 mutants, we constructed the low copy centromeric vector that expresses hsm3 mutant with a HA 5 tag under the HSM3 promoter (600 bp) in the YCplac22-based plasmid pTS901CT (37) . After DNA sequencing, the plasmids were transformed into the hsm3 deletion strain YYS1204.
Native PAGE and Western Blotting-We analyzed proteasome assembly as described previously (19) . In brief, yeast cells from an overnight culture in SC or SC-uracil media were diluted and shifted to 37°C for 6 h, and then the cells (A 600 of 1.5-1.8) were harvested and stored at Ϫ80°C until use. The cells were lysed by glass beads, and 30 g of cleared lysate was subjected to 3.5% native PAGE. After electrophoresis, ingel peptidase activities against N-succinyl-LLVY-7-amido-4-methylcoumarin (Peptide Inc., Japan) were imaged using a LAS4000 IR (Fuji Film Inc., Japan). Western blotting was performed as described previously (19) with the following antibod- ies; anti-Rpt2 antibody (BioMol), anti-yeast 20 S proteasome antibody (38) , and anti-HA antibody (16B12, Babco).
RESULTS AND DISCUSSION
Overall Structure of Hsm3-The structures of Hsm3 were determined in two different crystal forms. The first structure was determined in the orthorhombic crystal form, and the other was determined in the monoclinic crystal form. Both structures have two molecules in the asymmetric unit. The overall structures of these four molecules are similar (root mean square deviations (r.m.s.d.) range for 457 C␣ atoms of 0.2-1.0 Å) (supplemental Fig. S1 ). We will use the A chain of the P2 1 2 1 2 1 form for the discussion below.
Hsm3 consists of 23 ␣-helices, ␣1-23 (Fig. 1A) . The helices form 11 tandem HEAT repeats (HR1-11), each comprising two helices (referred as A and B) joined by a turn, with adjacent repeats connected by a linker. It has a C-shaped structure that consists entirely of helices and connecting loops. The diameter of Hsm3 is ϳ86 Å; the central pore of the semicircle is 43 Å. The Hsm3 HEAT repeats are variable with the length of helices ranges from 22 to 7 residues, turns range from 12 to 3 residues, and linkers range from 10 to 2 residues (Fig. 1B) . The fundamental architecture of the 11 HEAT repeats is similar, but the pairwise superposition of all repeats gives an r.m.s.d. ranging from 3.1 to 8.9 Å (supplemental Fig. S2 ). The A and B helices are The two molecules in the asymmetric unit of Hsm3 interact with each other, through their open sides of the C-shaped structure (Fig. 1C) . The dimeric interactions are different between the two crystal forms. A total of 1700 Å 2 of accessible surface area (850 Å 2 for molecules A and B) is buried at the interface between Hsm3 dimer in P2 1 2 1 2 1 form, whereas 1230 Å 2 is buried in P2 1 form. This structural difference causes the distance between A and B molecules in the crystal. The distance between A and B molecules in P2 1 crystal is closer than that of P2 1 2 1 2 1 .
Structure of the Complex of Hsm3 with the C-terminal Domain of Rpt1-
The previous study indicated that Hsm3 can directly interact with the Rpt1C (19) . Hence, we determined the crystal structure of the Hsm3 complex with Rpt1C ( Fig. 2A) in an attempt to understand the binding mode of Hsm3 to Rpt1. The electron density map at 3.8 Å resolution was combined with structural information obtained from the "methioninemarking" approach (supplemental Fig. S3 ) (40) , allowing us to establish the structure of the Hsm3-Rpt1C complex. The asymmetric unit contains two heterodimers of Hsm3-Rpt1C (chains A-B and C-D). Overall structures of these two complexes are similar (r.m.s.d. range for 514 C␣ atoms of 2.0 Å). As the complex involving chain A of Hsm3 and chain B of Rpt1C molecules is well defined, we will use it for the discussion below. The structure of Rpt1C (Fig. 2B) , which consists of four ␣-helices (␣1-4) that form an ␣-helical bundle, is essentially identical to the Rpt3C (supplemental Fig. S4) ; these structures have an r.m.s.d. of 1.6 Å for 53 C␣ atoms (residues 396 -449). Moreover, the C-terminal domain of Rpt1 can be superposed with those of the representative C-terminal domain of AAA ϩ -ATPases PAN and HslU with an r.m.s.d. of 1.3 Å for 70 C␣ atoms and 2.9 Å for 69 C␣ atoms, respectively (Fig. 2C) . The overall structure of Hsm3 in the Hsm3-Rpt1C complex is similar to that of the free Hsm3 structure with an average r.m.s.d. of 1.6 Å for 449 C␣ positions, and the interacting regions for complex formation also superposed well. However, the diameter and the central pore of the semicircle of Hsm3 in the Hsm3-Rpt1C complex are changed (the diameter is ϳ84 Å and the central pore of the semicircle is 38 Å) (Fig. 2D) . This structural difference may influence changes in the conformation and orientation of the HR1 and HR11.
Interaction between Hsm3 and Rpt1-The interaction between Hsm3 and Rpt1C appeared to occur through ␣8, ␣10, and ␣12 of Hsm3 and helices ␣2, ␣4, and a loop ␣1-2 of Rpt1C by both hydrogen bonds and van der Waals contacts (Fig. 3A) . A total of 953 Å 2 of accessible surface area is buried at the interface between Hsm3 and Rpt1C. The Rpt1C binds to Hsm3 by packing its ␣2-and ␣4-helices against the concave surface of Hsm3. Residues involved in intermolecular formation are Glu-157, Thr-190, Asp-230, and Leu-232 of Hsm3 and Arg-390, Arg-403, Arg-409, Leu-410, and Leu-444 of Rpt1. Glu-157 and Thr-190 of Hsm3 make a potential salt bridge and hydrogen bond with Arg-409 and Arg-403, respectively. The interacting surfaces of these two proteins are hydrophobic core and complementary charged surface (Fig. 3B) .
To investigate the roles of charged residues involved in the charged patches of Rpt1 and Hsm3, we performed binding assays in vitro (Fig. 4) . Although the expression of the Rpt1C protein alone yielded an aggregated form in E. coli, Rpt1C was soluble when co-expressed with Hsm3, suggesting that Hsm3 has a potent chaperone activity to ensure Rpt1C solubility. We next mutated the charged resides of the Hsm3-Rpt1C interface to Ala (R390A, R403A, and R409A for Rpt1C and E157A, T190A, and D230A in Hsm3) and carried out a Ni-NTA pulldown experiment to monitor the complex formation. The R403A and R409A mutation of Rpt1C reduced the binding ability to Hsm3, whereas the R390A mutant had little effect (Fig.  4A ). This result suggested that Arg-403 and Arg-409 in Rpt1C are critical residues for Hsm3 binding. However, the E157A mutation in Hsm3 reduced the Rpt1C binding, whereas the T190A mutant had no effect (Fig. 4B) . The D230A and the E157A/D230A mutants were not expressed in E. coli probably due to protein folding problem. Therefore, we further investigated the interaction using a wheat germ cell-free system, which has the advantage of producing difficult-to-express proteins in E. coli (33, 34) . Although bacterially expressed His 6 -tagged full-length Rpt1 was usually detected in insoluble fraction (data not shown), almost all the His 6 -Rpt1 protein was found in a soluble fraction by using the cell-free system even if Hsm3 protein was not co-synthesized (Fig. 4C, left panel) . As observed in the case of co-expression in E. coli, the E157A mutation in Hsm3 greatly reduced the Rpt1 binding (Fig. 4C,  right panel) . Furthermore, the D230A mutation in Hsm3 markedly decreased the Hsm3-Rpt1. Thus, two acidic residues, Glu-157 and Asp-230, of Hsm3 contribute to the Rpt1 recognition.
Mutations of the Hsm3-Rpt1 Interface Cause the Assembly Defect of the 26 S Proteasome in Vivo-To determine the physiological relevance of the Hsm3-Rpt1 interaction, we generated a series of yeast mutant strains that harbor the mutations in the Hsm3-Rpt1 interface and analyzed the proteasome assembly by native-PAGE (Fig. 5) . Because of the inability of efficient formation of the Rpt1-Rpt2-Rpn1 complex, the 26 S proteasome levels were moderately reduced in the Hsm3 knock-out cells (16 -19) . If the charged residues were critical for the Hsm3-Rpt1 interactions, the mutants should be a phenocopy of the ⌬hsm3.
We first analyzed the effects of the rpt1 mutations on the proteasome assembly. Although in vitro binding assays suggested a single mutation of Arg-403 or Arg-409 in Rpt1 caused the loss of Hsm3 binding (Fig. 4) , the assembly defect of the proteasome was not observed in the rpt1R403A and the rpt1R409A single mutant cells. However, in the rpt1R403A/R409A mutant, the 26 S proteasome levels were markedly reduced, whereas the free 20 S CP and the free Rpt2 were increased (Fig. 5A) . The result suggested both residues of Rpt1 are responsible for the Hsm3 binding and the proteasome assembly.
Similarly, although in vitro binding assays suggested that Glu-157 of Hsm3 is a critical residue for the Rpt1 recognition (Fig. 4) , no significant assembly defect was detected in the hsm3E157A mutant cells (data not shown). However, we detected assembly defects in the hsm3 mutants with multiple mutations, especially in the hsm3E157A/D230A and the hsm3E157A/T190A/D230A cells (Fig. 5B) , suggesting that E157 and D230 are important residues for the Rpt1 binding. A, pulldown assay from bacterially co-expressing His 6 -Hsm3 and mutant versions of Rpt1C. Eluted proteins from Ni-NTA resin were subjected to SDS-PAGE followed by Coomassie Brilliant Blue (CBB) staining. B, pulldown assay from bacterially co-expressing His 6 -Hsm3 mutants and Rpt1C. Eluted proteins from Ni-NTA resin were subjected to SDS-PAGE followed by Coomassie Brilliant Blue staining. Triple mutation of Hsm3 (E157A/T190A/D230A) is indicated in Fig. 3A . C, pulldown assay between full-length His 6 -Rpt1 and Hsm3 mutants. His 6 -fused full-length Rpt1 and indicated Hsm3 mutants were co-synthesized by a wheat germ cell-free expression system and then pulled down by Ni-NTA resin. Input and eluted proteins were subjected to SDS-PAGE followed by Coomassie Brilliant Blue staining. Total reaction and supernatant are labeled as T and S, respectively.
Collectively, these results indicate that the complementary charged interactions, the Rpt1R409-Hsm3E157 and the Rpt1R403-Hsm3D230, are a critical role for the RP assembly.
It should be noted that neither the rpt1R403A/R409A mutant nor the hsm3E157A/T190A/D230A mutant cells showed sensitivity to high temperature as seen in the ⌬hsm3 mutant cells (16 -19) . Remaining weak interactions in the mutants, probably due to the hydrophobic interactions, may be sufficient for the Hsm3-Rpt1 interaction, although the 26 S proteasome levels are considerably reduced.
Structural Features and Functional Similarity among Base Assembly Chaperones-The tertiary structures of Hsm3, Rpn14, and Nas6 are quite different; Hsm3 contains HEAT repeats, Rpn14 contains WD40 motifs, and Nas6 contains ankyrin repeats. Nevertheless, these chaperones bind the C-terminal regions of specific Rpt subunits, respectively. Nas6 was shown to interact specifically with the C-terminal region of Rpt3 through surface charge complementarities, i.e. one positively and two negatively charged patches in Nas6 and one negatively and two positively charged patches in Rpt3C (supplemental Fig. S5A and B) (40) . The interacting surface Rpn14 was also predicted, i.e. negatively charged patches in Rpn14 and positively charged patches in Rpt6 (20) .
To understand their molecular basis for binding specificity, we compared the structures of interfaces between Rpt subunits and chaperones. The C-terminal domains of Rpt1 and Rpt3 showed that the overall tertiary structures are similar, and the interacting regions of each Rpt subunit for complex formation are similar (supplemental Fig. S5C ). However the charged patches on the interface are significantly different between Hsm3 and Nas6. Whereas ␣2, ␣4, and the loops ␣1-2, ␣2-3, and ␣3-4 of Rpt3C make contact with Nas6, ␣2, ␣4, and loop ␣1-2 of Rpt1C interact with Hsm3. Most of the interacting residues responsible for making the complexes are not conserved between Rpt1 and Rpt3 (supplemental Fig. S6 ). We assumed that these differences account for the specificities of Rpt subunits by the 19 S base-dedicated chaperones.
Structural Implication of Molecular Mechanisms of Hsm3 for Base Assembly-The structure of the Hsm3-Rpt1C complex illustrates an intermediate state of proteasome assembly. A model of Hsm3 interacting with the ATPase domain of PAN (residues 158 -418) and the AAA-ATPase ring were generated by superimposing the C-terminal domain of Rpt1 from Hsm3- Rpt1C on the structure of the PAN and HslU (Fig. 6A) . The C-terminal domain of Rpt1 shows 39 and 9% sequence identities with PAN and HslU (r.m.s.d. range for C␣ atoms of 1.3 and 2.9 Å), respectively. In the Hsm3-PAN complex model, the C-terminal region of Hsm3 causes steric hindrance with Rpt1 (supplemental Fig. S7) . However, the full-length Rpt1 can bind Hsm3 (Fig. 4C) suggesting that the C-terminal region of Hsm3 might accommodate structural changes upon binding to Rpt1. In the model, Hsm3 and ATPase domain of PAN are bound by interactions of loop ␣21-␣22 and helix ␣23 of Hsm3 and loop ␤3-␣5 and loop ␣6 -␣7 of the PAN ATPase domain. The residues involved in the Hsm3 interactions of the ␤3-␣5 loop of PAN are not conserved among Rpt subunits, whereas those participating in the ␣6 -␣7 loop are conserved. The C-terminal region of Hsm3 may also participate in the molecular recognition of ␤3-␣5 loop of Rpt1 ATPase domain.
In the Hsm3-ATPase ring model, HR10 and HR11 of Hsm3 create steric clashes with the loop ␣6 -␣7 region of Rpt2. However, a major Hsm3 containing assembly intermediate is Hsm3-Rpt1-Rpt2-Rpn1 in the cells (16 -19) . Instead, the model raised the possibility that Hsm3 may associate with other neighboring subunits in addition to Rpt1. Using the wheat germ cell-free system, we investigated whether Hsm3 can interact with Rpn1, Rpt2, and Rpt5 (Fig. 6B) . Strikingly, we observed a direct interaction between Hsm3 and Rpt2, consistent with a previous study of mammalian proteasomes, in which Gorbea et al. (41) showed that S5b interacts with the AAA-ATPase domain of Rpt2. Thus, these results indicate that Hsm3/S5b has a scaffolding role to assist the interaction between Rpt1 and Rpt2 (Fig.  6C ). According to our results and recent studies (42, 43) , we update a model for the base assembly (Fig. 6C) . Nine base subunits and a deubiquitylating enzyme Ubp6 are assembled into FIGURE 6 . Hsm3 is a scaffold protein for Rpt1-Rpt2 formation. A, structural model of Hsm3-Rpt ring complex. The Hsm3-Rpt1C structure was superimposed on a structural model of hexameric ATPase (ATPase ring model was generated from the HslU (PDB code 1DO0) structure). Hsm3 and Rpt ring are shown as C␣ trace representations and are colored green (Hsm3), orange (Rpt1), cyan (Rpt2), blue (Rpt3), red (Rpt4), purple (Rpt5), and pink (Rpt6), respectively. Surfaces of Rpt subunits are shown as surface plots (gray). B, in vitro pulldown assay between Hsm3 and His 6 -tagged base subunits. His 6 -tagged full-length Rpt1, Rpt2, Rpt5, or Rpn1 were synthesized with or without Hsm3 by a wheat germ cell-free expression system. Interactions between the His 6 -tagged base subunits and Hsm3 were analyzed by pulldown assay with Ni-NTA resin. Input and eluted proteins were subjected to SDS-PAGE followed by Coomassie Brilliant Blue (CBB) staining. The protein bands corresponding to the base subunits and Hsm3 are indicated by filled and open arrowheads, respectively. C, model of the base assembly. Four assembly intermediates are formed from nine free base subunits and a deubiquitylating enzyme Ubp6 (42) . This study suggests that Hsm3 plays a scaffolding role in the formation of the Rpt1 and Rpt2 complex. Finally, the four intermediates are jointed into the base subcomplex. Nas2 is dissociated upon binding of Nas2 module and Nas6 module (43) . Rpn and Rpt are abbreviated as N and T, respectively.
four distinct base intermediates (Hsm3 module, Hsm3-Rpt1-Rpt2-Rpn1-Ubp6; Nas2 module, Nas2-Rpt5-Rpt4; Nas6 module, Nas6-Rpt3-Rpt6-Rpn14; and Rpn2-Rpn13). Three of four intermediates are assisted by the RP-dedicated chaperones, Nas2, Nas6, Rpn14, and Hsm3. Hsm3 plays a scaffolding role in the formation of the Rpt1 and Rpt2 complex. Nas2 is dissociated upon binding of the Nas2 module and Nas6 module (43) , and subsequently, the remaining subassemblies are incorporated and form the base subcomplex of the RP.
In summary, our results provided structural insights in the molecular mechanisms of the recognition of Rpt1 and also how Hsm3 assists the molecular assembly of the RP of the 26 S proteasome.
